Introduction {#s0005}
============

In the past decade, survival of patients with breast cancer has improved [@bb0005], [@bb0010], [@bb0015]. Routine mammograms and other screening approaches have been associated with early detection of breast cancers [@bb0020], [@bb0025]. However, the repeated use of mammograms is not without risk [@bb0020], and clinical guidelines remain highly debated [@bb0020]. Chiefly, mammograms overall miss 25% of tumors and up to 50% of the tumors in late-stage diagnosis of women with extremely dense breasts [@bb0020], [@bb0030], [@bb0035], [@bb0040], resulting in late stage diagnosis. It is becoming clear that cancer cells undergo specific molecular transformations long before there is a detectable change in tumor morphology. The ability to detect at these earliest stages of molecular dysregulation, before any obvious symptoms have developed, would permit better therapeutic intervention. Thus, the concept of molecularly targeted diagnostic approaches would be very valuable.

MUC1 is a conserved transmembrane protein with an extensive extracellular domain composed of repeated glycosylated peptide motifs [@bb0045], [@bb0050]. In tumor cells including breast tumors, these motifs are hypoglycosylated and the MUC1 distribution is altered [@bb0055], [@bb0060], [@bb0065]. In addition, as early as hyperplasia stages, the distribution and glycosylation of MUC1 are altered and the cell-cell organization disrupted [@bb0060], [@bb0070]. As such, MUC1 is viewed as a key therapeutic target in patients with breast cancer [@bb0075], [@bb0080]. In breast cancers, presence of circulatory MUC1 is associated with cancer progression and can be monitored through detection of MUC1 (CA-15-3 antigen) circulatory concentrations [@bb0085], [@bb0090], [@bb0095]. However, CA-15-3 tests rely mostly on the tumor burden and shed MUC1 and lack the specificity to identify hypoglycosylated MUC1, a hallmark of breast cancer progression. We have developed a new antibody that specifically detects altered hypoglycosylated form of MUC1 (tMUC1): TAB 004 (OncoTAb, Inc., Charlotte, NC) [@bb0100].

Breast cancer progression is uniquely modeled in the immune-competent spontaneous murine MMT model [@bb0050], [@bb0105]. Derived from the PyMT model of spontaneous breast cancer and genetically engineered to express the human form of hypoglycosylated mucin-1 (tMUC1), the MMT mice develop spontaneous mammary gland tumors expressing the human form of tMUC1 [@bb0050]. In those mice, as in the parental PyMT mice, mammary gland hyperplasia is observed between 6 and 10 weeks of age that progresses to ductal carcinoma *in situ* by 12 to 14 weeks and adenocarcinoma by 18 to 24 weeks, and approximately 40% of the mice develop metastasis to the lung and other organs [@bb0050]. In MMT mice, mammary tumor evolution closely mimics human breast cancer progression. The tumors are basal in cell origin and Her-2 + subtype [@bb0050].

Here we investigated the specificity and sensitivity of TAB 004 for the early detection and monitoring of mammary tumor progression in the MMT mice. Results indicate that TAB 004 specifically immunoreacts with human tMUC1 and, when conjugated to an imaging agent, indocyanine green (ICG), allows the early detection and monitoring of mammary tumor progression and metastases by *in vivo* imaging systems.

Material and Methods {#s0010}
====================

Chemical and Reagents {#s0015}
---------------------

TAB 004 was graciously provided for the study by OncoTAb Inc. Conjugation kits to derive biotin-conjugated, horseradish peroxidase (HRP)--conjugated, and ICG-conjugated TAB 004 were obtained from Dojindo Molecular Technologies, Inc. (Rockville, MD) and used according to manufacturers' recommendations.

Generation of TAB 004 Antibody {#s0020}
------------------------------

Briefly, TAB 004 antibody (patent \#US-2011-0123442, PCT/US2011/037972) is a mouse IgG1 monoclonal antibody obtained through the hybridoma approach and selected for its specific binding to extracellular repeated sequences of tumor associated MUC1 altered, i.e., hypoglycosylated protein specifically the TAPPA sequence with a specific epitope (STAPPVHNV) [@bb0100]. The production of TAB 004 is currently conducted in batches of antibody rigorously assayed for consistent binding, stability, and purity ([Supplemental Figure 1S, A--C](#f0035){ref-type="graphic"}; LakePharma Inc., Belmont, CA).

Cells and *In Vitro* Cultures {#s0025}
-----------------------------

Murine cells PyMT and MMT were derived as described previously [@bb0050]. The PyMT cell line was derived from PyMT tumor, and the MMT cell line was obtained by stably expressing full-length MUC1 in PyMT cells. Both cell lines were derived in Dr. Mukherjee's laboratory originally in 1998 and stored in multiple vials in liquid nitrogen. Cells were authenticated by polymerase chain reaction for specific DNA signatures for the polyoma middle T antigen; the MMTV promoter; and, for MMT cells, the human MUC1 gene. Additionally, in MMT cells, the cell surface expression of human MUC1 was also assessed by Western blot (WB) and flow cytometry. For this study, the PyMT and MMT cells used were authenticated using the characterization methods described above within 6 to 12 months of their use. All cells used either to generate lysates or for cytometry investigations were cultured in sterile conditions in Dulbecco's modified Eagle's medium in the presence of antibiotics and antifungals supplemented with FBS and incubated at 37°C, \> 90% humidity, and 5% CO~2~ conditions.

Orthotopic Mammary Tumor Model {#s0030}
------------------------------

MMT cells were implanted in the mammary pad of C57bl/6 6- to 8-week-old female mice, and the tumor growth was monitored using both physical examination including caliper to measure tumor growth and fluorescent monitoring as described for MMT spontaneous tumor model (see below). Controls included mice similarly implanted with PyMT cells. Furthermore, the route of injection of TAB 004 was assessed in the orthotopic model. Briefly, C57bl/6 mice implanted orthotopically with MMT tumor cells were injected 2 to 3 weeks post--tumor implantation with either saline (vehicle control) or intratumorally, intravenously, or intraperitoneally with TAB 004 conjugated with biotin, and tissues including tumor, spleen, kidneys, liver, and lungs were collected 24 hours later. Tissues were fixed and embedded in paraffin, and the presence of biotin-conjugated TAB 004 in the different tissues was assessed following incubation with streptavidin-HRP and 3,3\'-diaminobenzidine (DAB). As shown in [Figure 2S](#f0040){ref-type="graphic"}, in the absence of antibody, no HRP activity was detected. HRP activity associated with the HRP-conjugated TAB 004 antibody was faintly, highly, and strongly detected in tumor following intratumoral, intravenous, and intraperitoneal injections, respectively. With the exception of the spleen, in animals administered biotin-conjugated TAB 004 intravenously, no other organ exhibited an HRP activity associated with the HRP-conjugated TAB 004 antibody.

Specificity and Sensitivity of TAB 004 Antibody {#s0035}
-----------------------------------------------

The presence of altered MUC-1 was also determined by flow cytometry and WB on PyMT and MMT murine cells using TAB 004. Briefly, for flow cytometry analyses, cells were grown in culture conditions described above; detached from vessels; and, following a blocking step incubated with TAB 004 antibody (30 minutes) and after a secondary antibody stain (15 minutes), run on a Fortessa flow cytometer (BD-Biosciences, San Jose, CA). Raw data were further analyzed using FlowJo Software (Ashland, OR). Data are presented as histogram with information on mean fluorescence intensity and percentage of positive cells along with controls. Additionally, PyMT and MMT cell lysates and MMT tumor mass lysates were assessed by WBs. Briefly, lysates were obtained from cell cultured as described above and from MMT tumors through incubation with lysis buffer as described previously [@bb0110], [@bb0115]. Cell lysates were stored at − 80°C until use. Following electrophoresis in reducing conditions and transfer to polyvinylidene difluoride membranes, the presence of altered tMUC1 was determined using TAB 004 antibody (overnight, 4°C) and revealed using ECL reagent (ThermoFisher Scientific, Waltham, MA). β-Actin was used as the loading control.

Monitoring Mammary Tumor Growth in the MMT Spontaneous Murine Model {#s0040}
-------------------------------------------------------------------

All mice were monitored and followed in accordance with the University of North Carolina at Charlotte Institutional Animal Care and Use Committee--approved protocol. MMT mice were genetically derived from PyMT mice (C57BL/6 background) that spontaneously develop mammary tumors and specifically express MUC1 [@bb0050]. Spontaneous tumor progression follows a similar time line in PyMT and MMT female mice. From puberty (6-8 weeks old) onward, mammary tissues expressing the polyoma middle T antigen driven by the MMTV promoter mimic all the steps of breast cancer progression in humans including hyperplasia, ductal carcinoma *in situ*, invasive carcinoma, and metastasis [@bb0050] at any given time from 8 up to 22 to 24 weeks of age. Furthermore, multiple tumor masses at different stages are present in this spontaneous model of breast cancer progression. This murine model is aggressive as most animals (\> 95%) develop multiple mammary tumor lesions which are usually palpable by 14 to 16 weeks of age [@bb0050]. The main difference in tumor progression between PyMT and MMT mice is the expression of murine and human MUC1 glycoprotein, respectively [@bb0050].

Here, MMT mice were monitored *in vivo* for tumor progression using the *in vivo* imaging system (IVIS; Perkin Elmer, Waltham, MA). Both C57Bl/6 and PyMT mice were used as controls. *In vivo* monitoring was conducted according to manufacturer's recommendations, following injections of TAB 004 conjugated with the fluorophore indocyanine green (TAB-ICG). ICG has been shown to have no significant side effects and is currently FDA-approved for multiple procedures including angiography [@bb0120]. Before each imaging sequence, TAB-ICG in sterile saline was administered retro-orbitally or intraperitoneally to mice, and imaging was conducted 0.5, 4, 24, and 48 hours postinjection. Animals were injected and imaged every 2 weeks for tumor progression. Tumor fluorescence was analyzed using the Life Science Software Suite (Perkin Elmer), and region of interest was defined at tumor location. In parallel, the presence of tumor masses was assessed by palpation and recorded. Additionally, after mouse euthanasia, further analyses of tumors (T) and specific organs including mammary pads (MP), liver (Li), lungs (Lu), spleen (S), and kidneys (K) were conducted *ex vivo* using the IVIS system and by histology and immunohistochemistry (IHC; see below).

MMT spontaneous mammary tumor growth was also monitored over time for gross pathology, cellular morphology, and the presence of specific markers including tMUC1 using IHC with TAB 004 antibody (see below).

Monitoring Mammary Tumor Lung Metastases in the MMT Spontaneous Murine Model {#s0045}
----------------------------------------------------------------------------

In the PyMT and MMT mouse models, early metastases, which occur in the lungs, is masked *in vivo* by the fluorescence emitted by larger tumors. Therefore, *ex vivo* analyses of organs isolated posteuthanasia were conducted using the IVIS system. The fluorescence signal (expressed as fluorescence units) was normalized to the background fluorescence generated by each organ specifically the lung, liver, spleen, and brain from control MMT mice (i.e., MMT mice not injected with TAB-ICG). Additionally, the presence of lung metastases was determined following fixation, embedding, and sectioning of the lungs of MMT mice. Briefly, lungs from animals 16 weeks or older were collected 24 hours postinjections and embedded in paraffin. Five- to six-micrometer--thick sections were obtained, stained with hematoxylin and eosin (H&E), and examined for the presence of metastases.

Detection of tMUC1 by IHC {#s0050}
-------------------------

The expression of human altered MUC1 (tMUC1) was determined in murine tumors using TAB 004. Murine tumors from PyMT and MMT mice and normal mammary gland from C57bl/6 mice were collected. Samples were fixed in buffered formalin and embedded in paraffin, and 5- to 6-μm--thick sections were obtained. In addition to H&E staining, murine samples were assessed for expression of tMUC1 using TAB 004 antibody. Briefly, either unconjugated TAB 004 antibody followed with a second step detection with an anti-mouse HRP-conjugated secondary antibody or the TAB 004-HRP conjugated was used. The staining procedure includes a blocking step, incubation with primary antibody (overnight, 4°C) and secondary antibody (1 hour), or incubation with primary antibody conjugated with HRP (overnight, 4°C). In both approaches, the presence of TAB 004 antibody was revealed using DAB with a hematoxylin counterstain followed by mounting the tissue slides. Tissue slides were then assessed by light microscopy, and microphotographs were taken using a DP70 camera and the Olympus Software Suite (Olympus, Waltham, MA).

Statistical Analyses {#s0055}
--------------------

The linearity associating TAB 004 dose with the detection of tMUC1 was assessed by linear regression. The difference between methods in early detection time was determined by unpaired *t* test. The detection of lung metastases was assessed by one-way ANOVA followed with *post hoc* tests with *a priori* significance sets at *P* \< .05.

Results {#s0060}
=======

The MMT Murine Model Mimics Human Breast Cancer Progression {#s0065}
-----------------------------------------------------------

The MMT mouse model has been described previously [@bb0050]. Briefly, as schematized in [Figure 1A](#f0005){ref-type="fig"}, this spontaneous model of mammary tumor progression was developed through the generation of double transgenic mice by crossing of mice expressing human MUC1 gene [@bb0125] and mice expressing the polyoma middle T antigen under the MMTV promoter [@bb0130]. PyMT and MMT tumor cell lines were also developed ([Figure 1A](#f0005){ref-type="fig"}). Over time, MMT tumors mimic the stages and cellular morphology of human breast cancer progression ([Figure 1B](#f0005){ref-type="fig"}). Furthermore, the biomarker tumor profiles indicate a decrease in both estrogen receptors (ERs) and progesterone receptors (PRs), increase in Neu and Cyclin D1, and decrease in integrin β as tumor progresses mimicking the ER^−^PR^−^Neu^+^ human disease [@bb0135]. In addition, tMUC1 expression detected by TAB 004 increases as tumors progress ([Figure 1B](#f0005){ref-type="fig"}), which makes this model ideal for our studies. Importantly, TAB 004 does not recognize normal mammary epithelial tissue from non--tumor-bearing control mice ([Figure 1B](#f0005){ref-type="fig"}). The monoclonal antibody TAB 004 recognizes the hypoglycosylated tandem repeat epitope within the STAPPVHNV sequence of human MUC1 [@bb0100].

TAB 004 Specifically Recognizes tMUC1 *In Situ* by IHC, *In Vitro* by Flow Cytometry, and *In Vivo* Following Orthotopic Implantation of MMT Cells {#s0070}
--------------------------------------------------------------------------------------------------------------------------------------------------

PyMT and MMT cell lines were tested for tMUC1 expression *in vitro* and *in vivo*. Compared with PyMT cells, MMT cells expressed significantly higher levels of tMUC1 as determined by TAB 004-Cy7 staining and flow cytometry ([Figure 2](#f0010){ref-type="fig"}, *A* and *B*). Additionally, IHC staining with TAB 004-HRP confirmed that TAB 004 only binds to the MMT tumors but not to the PyMT tumors, further indicating specificity to the human form of tMUC1 ([Figure 2](#f0010){ref-type="fig"}, *C* and *D*). To determine if TAB 004 specifically localizes to the MMT tumor when injected *in vivo*, TAB-ICG was injected (retro-orbitally) into PyMT and MMT tumor-bearing mice, and tumor progression was successfully imaged in MMT mice over time using the IVIS system ([Figure 2](#f0010){ref-type="fig"}, *E* and *F*). Tumor volume was monitored by caliper measurements ([Figure 2](#f0010){ref-type="fig"}, *G* and *H*). Although both tumors grew at a similar rate, TAB-ICG only localized to the MMT but not in the PyMT tumors, and accumulation of TAB-ICG increased with tumor size ([Figure 2](#f0010){ref-type="fig"}, *E* and *F*).

Next, we determined the expression of tMUC1 in the spontaneously arising tumors dissected from the PyMT and MMT mice. By WB analysis, TAB 004 showed immunoreactivity with the tumor lysates from MMT but not from PyMT tumors ([Figure 2I](#f0010){ref-type="fig"}). Lysate from the MMT cell line was used as the positive control, and β-actin served as the loading control. By IHC, TAB 004 stained the MMT tumors but did not stain normal mammary epithelia or PyMT tumors ([Figure 2J](#f0010){ref-type="fig"}). Taken together, TAB 004 showed high specificity to human tMUC1 and did not bind to normal or mouse Muc1.

Monitoring of Mammary Tumor Progression Is Dependent on the Dose of TAB 004 Administered in the MMT Mice {#s0075}
--------------------------------------------------------------------------------------------------------

The dose of TAB-ICG injected to monitor the presence of tumor mass within the MMT spontaneous mammary tumor model was assessed for doses ranging from 12.5 to 100 μg ([Figure 3](#f0015){ref-type="fig"}). As expected, regardless of the dose, the tumor fluorescent signal peaked at \~ 24 hours and decreased thereafter, as shown in the representative IVIS images taken over time ([Figure 3A](#f0015){ref-type="fig"}). When compared with the number of palpable tumors, the number of fluorescent tumors in MMT mice (8-22 weeks old) with at least one tumor mass 24 hours postinjection of TAB-ICG varied depending on the dose of TAB-ICG administered ([Figure 3B](#f0015){ref-type="fig"}). Indeed, whereas detection following injections of 12.5 μg or 25 μg of TAB-ICG was high, injections of 50 μg or 100 μg of TAB-ICG were associated with lower tumor mass detection ([Figure 3B](#f0015){ref-type="fig"}). Furthermore, analyses limited to mice with two or more tumors (11-22 weeks old) demonstrated that the fluorescent detection was correlated with the amount of TAB-ICG injected ([Figure 3B](#f0015){ref-type="fig"}, *insert*). When the amount of TAB-ICG injected decreased, the detection using fluorescence increased: from 0% to 75% for 100 μg and 12.5 μg, respectively (*r*^2^ = 0.96, *P* = .019). Thus, all subsequent studies were conducted with 12.5 μg of TAB-ICG.

Administration of TAB-ICG Enables Specific and Overtime Monitoring of tMUC1-Positive Tumors in the MMT Mice {#s0080}
-----------------------------------------------------------------------------------------------------------

The MMT mouse model uniquely permits the investigation of spontaneous tumor progression in an immunocompetent mouse model [@bb0050]. In this model, tumor progression leads to multiple tumor masses heterogeneous for both size and stages [@bb0050]. Nevertheless, the MMT model closely mimics human breast cancer progression [@bb0050], [@bb0135]. Here, MMT and PyMT mice at 16 weeks of age bearing multiple palpable tumors were injected with TAB-ICG. The presence of TAB-ICG was monitored *in vivo* by IVIS. As shown in [Figure 4A](#f0020){ref-type="fig"}, TAB-ICG detected multiple palpable tumor masses in MMT mice but did not accumulate in any of the PyMT tumors ([Figure 4A](#f0020){ref-type="fig"}). The nonspecific fluorescence around the liver of the mice was attributed to tissue autofluorescence.

Injections of 12.5 μg of TAB-ICG allowed the overtime monitoring of mammary tumor progression in MMT mice (10, 14, 17, and 21 weeks of age) as indicated by representative IVIS images shown in [Figure 4B](#f0020){ref-type="fig"}. As indicated by the yellow asterisk in the 10-week-old MMT mice, we detected the tumor by flourescence, but there were no palpable tumors at that time. As mice aged to 14 weeks, several of those tumors that were nonpalpable became palpable as indicated by the yellow arrows. At later ages (weeks 17 and 21), the yellow arrows indicate palpable tumors with accumulation of the TAB-ICG. Whereas tumor detection by palpation and fluorescence was similar in 13-week-old and older MMT mice, tumor detection following injection of TAB-ICG was significantly increased compared with palpation in MMT mice 12 weeks of age or younger ([Figure 4C](#f0020){ref-type="fig"}). Moreover, comparison of physical examination (i.e., palpation) and TAB 004 fluorescence indicates that primary tumors were detected significantly earlier (\~ 3.4 weeks earlier) by fluorescence monitoring than by physical examination (9.4 ± 0.7 weeks of age vs 12.8 ± 0.4 weeks of age, *n* = 9, *P* = .0016, [Figure 4D](#f0020){ref-type="fig"}). Thus, TAB-ICG has the ability to detect early stages when normal MUC1 is undergoing the molecular transformation to tMUC1 much before any obvious palpable tumors appear.

Administration of TAB-ICG Enables Monitoring of tMUC1-Positive Tumors Demonstrated by *Ex Vivo* Assessment of Tumors Dissected from MMT Mice {#s0085}
--------------------------------------------------------------------------------------------------------------------------------------------

To further ascertain the potential of TAB-ICG for detection of mammary tumor masses at early onset, *ex vivo* analyses were conducted. An 18-week-old MMT mouse was injected with TAB-ICG and imaged. [Figure 5A](#f0025){ref-type="fig"} shows high fluorescent signal corresponding to a large tumor. When dissected and imaged *ex vivo*, as expected, a very strong fluorescent signal was seen corresponding to the largest tumor mass, but weak fluorescent signal was also noted in the rest of the mammary fat pads ([Figure 5B](#f0025){ref-type="fig"}), indicating that these mammary glands were not normal but had transformed to express low levels of tMUC1. Thus, when mammary fat pads from 8- to 10-week-old MMT mice were assessed following TAB-ICG injection, we once again detected low fluorescent signal in some of the mammary fat pads ([Figure 5C](#f0025){ref-type="fig"}) indicating the presence of tMUC1 at very early stages of cancer progression. H&E staining confirmed and highlighted the presence of hyperplasia in those fluorescing mammary fat pads ([Figure 5E (ii)](#f0025){ref-type="fig"}), whereas the nonfluorescing mammary fat pad was composed mostly of normal tissue ([Figure 5E (i)](#f0025){ref-type="fig"}). *Ex vivo* imaging following TAB-ICG administration of tumors and mammary fat pad dissected from 18-week-old MMT mice bearing multiple tumors revealed that the amount of fluorescent signal distinguishes between tumor masses and hyperplastic mammary fat pads ([Figure 5D](#f0025){ref-type="fig"}). H&E staining confirmed the extensive presence of tumor in the strongly fluorescing tumor in the 18-week-old MMT mice ([Figure 5F](#f0025){ref-type="fig"}).

Administration of TAB-ICG Allows Monitoring of tMUC1-Positive Lung Metastases Demonstrated by *Ex Vivo* Assessment of Fluorescent Signal in the Lungs of MMT Mice {#s0090}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

Whether TAB 004 could detect the presence of metastases in the MMT mice was assessed *ex vivo* following *in vivo* administration of TAB-ICG. The fluorescent signal in several organs dissected from MMT mice at various ages (\< 16, 16-20, and \> 20 weeks of age) was determined using the IVIS system. No increase in fluorescence was observed in the liver, spleens, and brain of MMT mice versus normal C57BL/6 organs (data not shown). However, fluorescent signal in the lungs was significantly higher than control mouse lung, and the signal exponentially increased with the age of MMT mice ([Figure 6A](#f0030){ref-type="fig"}) \[1.71 × 10^6^ ± 0.11 × 10^6^, 2.21 × 10^6^ ± 0.08 × 10^6^, and 2.10 × 10^6^ ± 0.05 × 10^6^ for 8- to 11- (*n* = 7), 16- to 18- (*n* = 6), and 19- to 22- (*n* = 7) week-old MMT mice, respectively, *P* \< .05\]. This increase in fluorescent signal with age suggests micrometastasis in the lungs. Indeed, as in the PyMT model, MMT mice develop metastases mainly in the lungs [@bb0050]. The presence of micrometastases was confirmed in these MMT mice following H&E staining of the lung ([Figure 6B](#f0030){ref-type="fig"}). Representative H&E shows clear lesion in the MMT lung \[[Figure 6B (ii)](#f0030){ref-type="fig"}\] versus no lesion in the control lung \[[Figure 6B (i)](#f0030){ref-type="fig"}\].

Discussion {#s0095}
==========

We have demonstrated the specificity and sensitivity of TAB 004, an antibody against the hypoglycosylated form of human MUC1 (tMUC1). TAB 004 conjugated to indocyanine green (TAB-ICG) enables the *in vivo* monitoring of primary mammary tumor progression and metastasis in the MMT mice. The results highlight the early detection of neoplastic transformation as well as detect micrometastases in the lungs.

In contrast to PyMT mice, MMT mice have been genetically engineered to express human tMUC1, whereas the former express the murine form of hypoglycosylated Muc1 [@bb0050]. Those models, although significantly more aggressive than generally observed in human breast cancer progression, appropriately mimic the cancer progression from hyperplasia to adenocarcinoma and metastasis in an immunocompetent environment [@bb0050] and thus are appropriate models to investigate *in vivo* tumor detection.

TAB 004 specifically targets the transformed MUC1 protein with minimal immunoreactivity with the normal MUC1. This increased specificity of TAB 004 to tMUC1 expressed in the spontaneously arising mammary gland tumors in MMT mice is a novel finding and may allow earlier diagnosis of breast tumors. The specificity of TAB 004 was further demonstrated in MMT cell lines by IHC, WB, and flow cytometry. Extensive clinical research indicates that there are several molecular classifications of breast tumors based upon the expression of specific receptors (ER, PR, Her2/neu) and the cell origin (basal versus luminal). These subtypes are associated with significant differences in patients' survival [@bb0140], [@bb0145], [@bb0150]. For instance, triple-negative breast cancers are more aggressive and difficult to treat. Those observations led to the generation of multiparameter tests (e.g., Oncotype DX, 21-gene recurrence score) to support therapeutic decision [@bb0155], [@bb0160]. Although those tests have proven beneficial especially in determining specific treatment courses for a given tumor type [@bb0165], [@bb0170], the tests are not useful for early diagnosis. The clinical use of TAB 004 may be in the space of aiding diagnosis early and accurately especially given that mammograms fail in women with dense breast 50% of the time and overall misses 25% of the tumors. Furthermore, mammograms have high false-positive rates as \> 80% of biopsies post suspicious mammograms turn out to be benign. Indeed, using a panel of 440 patient breast cancer tissue arrays, we determined that 95% of BCs express tMUC1, as detected by TAB 004 staining and IHC, regardless of the tumor subtype and density of the breast tissue (manuscript in preparation).

Although most approaches (physical, imaging, blood tests, and combination thereof) diagnose with significant accuracy the presence of advanced breast cancer, the earlier stages remain much more difficult to detect reliably [@bb0020], [@bb0035], [@bb0175], [@bb0180]. Indeed, for those early stages including atypical hyperplasia and ductal carcinoma *in situ*, mammographic examination is associated with a high false-positive rate [@bb0030]. Similarly, the determination of circulatory CEA and or CA-15-3 antigen lacks the specificity and sensitivity in individuals with early disease, although they may be of benefit in monitoring metastasis and disease recurrence [@bb0185]. Multiple studies have demonstrated improved detection when using ultrasounds and magnetic resonance imaging (MRI) [@bb0035], [@bb0190], although those approaches are mostly used to further assess suspicious mass abnormalities detected during mammography [@bb0020], [@bb0190] as opposed to screening. The numbers of false-positive and to a lesser extent of false-negative cases highlight the potential of molecularly targeted imaging, especially to detect early stages of the disease and possibly micrometastasis.

Moreover, as tMUC1 is present in multiple epithelial cancers including colon carcinoma, ovarian cancer, and pancreatic cancer, TAB 004 may serve as a detecting and monitoring tool for multiple cancers. Already, preclinical and clinical observations have demonstrated the specificity of TAB 004 antibody toward tMUC1 antigen in pancreatic cancer [@bb0100].

*In vivo*, TAB-ICG detected primary tumors generally before they were palpable in the MMT model. The early detection of nonpalpable tumors by TAB-ICG including hyperplasia forms proof of principle of the potential use of this antibody in the clinic in conjunction with other imaging modalities. For example, conjugated with radioactive imaging agents, TAB 004 could greatly improve the reliability of early breast cancer diagnosis when used in conjunction with computed tomography or MRI [@bb0195], [@bb0200], [@bb0205], [@bb0210], [@bb0215].

Interestingly, *ex vivo* imaging and H&E staining provide evidence that TAB-ICG enabled detection of lung metastases as early as 16 weeks of age in MMT mice ([Figure 6](#f0030){ref-type="fig"}). Thus, we suggest that TAB 004 conjugated to radioactive material such as technetium (99m) along with MRI and computed tomography scan may provide improved monitoring of the development of distant metastases in patients with breast cancer.

Clinically, although early detection is the key in breast cancer treatment, standard mammography generates a high number of false negatives, especially in women with dense breasts [@bb0020], [@bb0030], [@bb0035], [@bb0220], [@bb0225], [@bb0230]. For those patients, additional examinations and imaging such as ultrasounds and MRI may be conducted. Mammography also generates false positive and biopsies, which in many cases are unwarranted [@bb0020], [@bb0235]. Overall, two-dimensional mammograms have been deemed of limited use in individuals with dense breast tissues (40% of the women) [@bb0030], [@bb0035], [@bb0040] because for those patients, the mammograms are often difficult to interpret [@bb0220], [@bb0240].

In summary, our investigations demonstrate the specificity of TAB 004 antibody against hypoglycosylated human MUC1 and its potential in early detection of transformed mammary epithelial cells and micrometastasis. Based on this proof of principle, we suggest that TAB 004 conjugated with contrasting agents or radioisotopes used in current clinical imaging protocols will allow both early and accurate detection and monitoring of breast cancer, even in women with dense breast tissue. We further propose that because tMUC1 is present in most epithelium-derived cancers, TAB 004 likely may be beneficial in the detection and monitoring of multiple cancers.

The following are the supplementary data related to this article.Figure 1STAB 004 specificity and purity as determined by ELISA and capillary isoelectrofocusing. (A) TAB 004 recognized specifically TAPPA peptide (i.e., TAPPAHGVTSAPDTRPAPGSTAPPAH) at concentrations of 5 and 1 mg/ml in direct ELISA following coating with TAPPA peptide, blocking and incubation with TAB 004, and detection using an HRP-conjugated goat anti-mouse IgG (0.1 mg/ml) and TMB substrate. (B) In the conditions tested, unconjugated TAB 004 antibody lead to a clear peak with isoelectrical focusing between 6.64 and 6.85 (apex 6.61). (C) In similar conditions, ICG-conjugated TAB 004 antibody had an isoelectrical focusing between 6.64 and 6.93 (apex 6.80).Figure 2STAB 004 was strongly detected in the tumor masses of C57Bl/6 mice orthotopically implanted with MMT cells following intravenous and intraperitoneal injections of biotin-conjugated TAB 004. Briefly, 2 to 3 weeks after implantation of MMT cells (5 × 10^5^ cells) in the mammary pad of C57Bl/6 female mice, animals were administered either no antibody or biotin-conjugated TAB 004 24 hours before euthanasia. Collected tumors, spleen, kidneys, liver, and lungs were embedded in paraffin and assessed for HRP activity using DAB. As shown above (scale bar = 100 μm), in the absence of antibody, no HRP activity was detected following immunostaining with streptavidin-HRP conjugated and DAB. HRP activity associated with the HRP-conjugated TAB 004 antibody was faintly, highly, and strongly detected in tumor following intratumoral, intraveneous, and intraperitoneal injections, respectively. With the exception of the spleen in animals administered HRP-conjugated TAB 004 intravenously, no HRP activity associated with the HRP-conjugated TAB 004 antibody was observed in the kidneys, liver, or lungs.
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![(A) Human MUC1 expressing mammary tumor (MMT) transgenic mouse model and associated PyMT and MMT tumor cells. Briefly, the spontaneous MMT mammary tumor model was generated through the cross of MUC1.tg mice \[C57BL/6-Tg(MUC1)79.24Gend/J mice\] [@bb0125] with PyMT mice \[FVB/N-Tg(MMTV-PyVT)634Mul/J mice\] [@bb0130]. The resulting dual transgenic female mice spontaneously develop mammary tumors that express human MUC1. Additionally, associated PyMT and MMT cell lines have been developed that are transgenic for the polyoma middle T antigen and for both the polyoma middle T antigen and human MUC1, respectively. (B) Mammary tumor growth in the MMT transgenic mouse model mimics human breast cancer progression. Briefly, in the spontaneous MMT mammary tumor model, the stages of hyperplasia, adenoma, and early and late carcinoma are identified at 6 to 8, 10 to 12, 18 to 20, and 22 to 24 weeks of age, respectively. Each stage is associated with gross pathology and cellular morphology similar to those observed in human breast cancer progression as indicated by visual observation and H&E staining. Moreover, expressions of biomarkers including ERs and PRs decreased, whereas tMUC1 expression (detected using TAB 004) increased, with mammary tumor progression as determined using specific antibodies and IHC techniques (scale bar = 200 μm). Normal C57Bl/6 mammary gland is also displayed (left) and shows no staining with TAB 004.](gr1){#f0005}

![TAB 004 detects tMUC1 in MMT cells and allows the monitoring over time of MMT orthotopic tumor growth *in vivo*. TAB 004 detected tMUC1 in MMT cells (B) but not in PyMT cells (A) by flow cytometry and IHC (C and D), respectively (scale bar = 100 μm). When orthotopically implanted in C57Bl/6 mice, PyMT and MMT tumors grew over time (as determined by caliper measurements) (G and H) and could be monitored using ICG-conjugated TAB 004 but only for MMT tumors (E and F). By WB, HRP-conjugated TAB 004 detected human tMUC1 in lysates from MMT cells as well as in lysates from tumors collected following orthotopic implantation of MMT tumor cells but not in lysates from PyMT cells (I). Furthermore, IHC analyses (J) of normal mammary gland \[C57bl/6 (i), PyMT (ii) and MMT (iii, iv, v)\] using HRP-conjugated TAB 004 detected human tMUC1 (brown stain) only in MMT tumors (scale bar = 150 μm).](gr2){#f0010}

![*In vivo* detection of mammary tumor masses in the MMT mice following TAB-ICG injection is dose-dependent. MMT mice (8-22 weeks old) with palpable tumors were repeatedly injected with ICG-conjugated TAB 004 (12.5, 25, 50, or 100 μg in sterile saline) and monitored for fluorescence using the IVIS system. (A) Representative IVIS imaging of MMT mice injected with 25 μg (top) and 100 μg (bottom) of ICG-conjugated TAB 004 taken 1, 24, and 48 hours postinjection. The fluorescent scale \[from low (blue) to high (red)\] indicates the presence of fluorescence with varying intensity at different location with the mice monitored. (B) Tumor mass fluorescent detection (% of palpable tumors) in MMT mice with at least one tumor mass 24 hours postinjection of ICG-conjugated TAB 004. As shown, the injection of 12.5 and 25 μg of ICG-conjugated TAB 004 was associated with improved tumor detection compared with 50 and 100 μg. Furthermore, when only mice with two or more tumors were analyzed (B, inset), the detection increased with decreasing amount of ICG-conjugated TAB 004 injected: from 0% to 75% for 100 and 12.5 μg, respectively (*r*^2^ = 0.96, *P* = .019).](gr3){#f0015}

![Early detection of primary mammary tumors in the MMT mice following TBA-ICG injection. (A) ICG-conjugated TAB 004 detected tMUC1 + tumors in MMT mice only but not in PyMT mice, where tumors were not fluorescent (only nonspecific liver fluorescence was observed). (B) Representative IVIS images of tumor masses detected in MMT mice 10, 14, 17, and 21 weeks of age. The presence of tumor mass was monitored over time in MMT mice aged 9 to 23 weeks. Both physical examination (palpation) and fluorescence monitoring using the IVIS system 24 hours postinjection of ICG-TAB 004 were collected over time. Yellow asterisks and yellow arrows indicate the presence of nonpalpable and palpable tumors, respectively, whereas red arrows note the presence of nonfluorescent palpable tumor mass essentially in older mice. (C) Whereas tumor detection by palpation and fluorescence was similar in 13-week-old and older MMT mice, tumor detection following injection of ICG-conjugated TAB 004 associated with IVIS system was increased compared with palpation in MMT mice 12 weeks old and younger. (D) Early detection indicates that primary tumors are detected significantly earlier by fluorescence monitoring than by physical examination (9.4 ± 0.7 weeks of age vs 12.8 ± 0.4 weeks of age, *n* = 9, *P* = .0016).](gr4){#f0020}

![*Ex vivo* assessment of mammary gland tumors from MMT mice post TAB-ICG injection. Representative mouse assessed for fluorescence using IVIS system following injection of 12.5 μg of TAB 004 conjugated with ICG *in vivo* (A) and the corresponding *ex vivo* posteuthanasia mammary fat pads assessed using the same system (B). Entire mammary ridges (left and right) isolated from a 10-week-old (C) and an 18-week-old (D) MMT mouse are displayed, and the presence within the mammary pad (MP) of tumor mass (T) is noted. Furthermore, when assessed following H&E staining (scale bar = 100 μm), MP from the 10-week-old mouse presented mostly normal mammary tissues \[E (i)\]. However, even that early, hyperplasia was observed in a few areas of the MP \[arrow, E (ii)\]. In older mice (\~ 18 weeks old), whether PyMT or MMT, the presence of tumor was extensive (F).](gr5){#f0025}

![Detection of lung metastases in the MMT mice post TAB-ICG injection. (A) The presence of fluorescence \[expressed as arbitrary unit (AU)\] associated with the injection of ICG-conjugated TAB 004 was measured *ex vivo* on isolated lungs posteuthanasia using the IVIS system. Compared to control (Ctrl) lungs (lungs isolated from a noninjected MMT mouse), detected fluorescence increased with age in MMT mice \[5.99 × 10^6^ ± 1.5 × 10^6^, 11.73 × 10^6^ ± 0.8 × 10^6^, and 13.1 × 10^6^ ± 2.23 × 10^6^ for MMT mice \< 16 (*n* = 7), 16-20 (*n* = 6), and \> 20 (*n* = 7) weeks old, respectively; \**P* \< .05\]. (B) Normal lung (i) and micrometastasis (ii) in the lungs of a 16- to 17-week-old MMT female mouse stained with H&E (scale bar = 100 μm).](gr6){#f0030}
